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Abstract 

An  ea^Jirical  rule  predicting  the  occiurrence  of  superconductivity 
anong  the  elenents  -.ras  given  by  I-!atthias  (Matthias  Rule,  MR).  The  Iffl 
states  that  nonnetallic,  ferronagnetic,  and  antiferromagnetic  elements 
do  not  become  superconductors,  and  that  the  empirical  laws  applj-lng  to 
the  transition  metals  (Tl«l)  are  q,ulte  different  from  those  applying  to 
nontransition  metals.  Within  these  restrictions,  the  MR  gives  an 
estimate  of  the  expected  superconducting  tremsition  teii5>erat\ire,  T^,  in 
terms  of  three  parameters;  (l)  the  atomic  mass,  Mj  (2)  the  atomic 
volume  Va;  and  (3)  the  number  of  valence  electrons  per  atom,  n.  The 
crystal  symmetry  also  has  some  influence  on  the  T^  value.  The  MR  for 
the  elements  is  with  success  applied  also  to  eOloys  and  compounds,  when 
proper  averages  over  the  M  and  n  values  of  the  constituent  atoms  are 
used.  Three  sxqplementary  rules  pertaining  to  the  influence  of  con5>ound 
formation  on  To  are  given  by  the  author.  The  theoretical  Justification 
for  the  established  enpirical  rules  is  outlined.  Certain  characteristic 
deviations  from  the  1®  are  then  discussed.  A  new  rule  is  proposed  for 
systems  which  contain  TM  atoms  in  the  form  of  "chains,"  or  "prisms," 
such  as  the  Hi  borides.  In  other  systems  not  obeying  the  ME,  unexpectedly 
large  changes  of  Tq  are  caused  by  small  concentrations  of  vacancies,  or  of 
ir^iurity  atoms.  Systems  not  obeying  the  MR  should  be  of  special  in^rtance 
for  the  development  of  new  superconducting  materials. 
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HOLES  VGB  SEE  OCCOBBEBCE  OF  SOPEROawmgaiVlfX  iODlIO  THE 

SLEMsaiTs,  liimis,  m>  confoohob 


I.  ZSCBOSOCnCM 

since  tlie  dlscovczy  of  saperconductivlty  in  aerctoy  ty  EaoaBerllneli 
Oanes^  In  1$0&,  naiy  other  aetals,  alloys  and  coopooxids  vere  found  to  he 
supercondaetors.  Contrary  to  expectations,  hoverer,  no  siqpercondactors 
vere  found  aoong  the  "good  conductors,”  such  as  copper,  silver,  or  gold. 
Another  puzzling  ohservation  vas  the  large  variation  of  the  superconducting 
transition  teoperatures,  T^,  for  the  elements  of  the  4d  and  5d  transition 
series  of  the  Periodic  Table.  These  "transition  metals"  are  very  similar 
in  most  of  their  properties  and  one  vould  e:^ct  only  a  small  variation 
in  Tc«  The  values  of  many  alloys  and  cong>ounds  seemed  to  pose  a  still 
greater  riddle.  Unexpectedly  hi^  values  vere  sonetlmes  obtained  by 
combining  a  superconducting  element  vith  a  nonsuperconducting  one,  even 
a  nonmetalllc  one,  or  by  codbining  tvo  nonsuperconductors.  Fortunately, 
the  situation  vas  greatly  clarified  by  Matthias  in  1957^  idien  he  established 
a  set  of  sinple  espirlcal  lavs  describing  the  occurrence  of  super¬ 
conductivity,  M  veil  as  the  variation  of  the  values  vlthln  a  given 
group  of  superconductors.  !I3iis  set  of  enpirical  lavs,  usually  called  the 
"Matthias  Buie,"  vas  first  applied  only  to  the  elements,  as  discussed  in  ' 
Section  n  of  this  report.  The  extension  of  the  Matthias  Buie  into  the 
field  of  alloys  and  cospounds,  vhich  is  particularly  challenging  because 
of  the  vealth  of  experimental  Information  available,  is  treated  in 
Section  m.  Section  IV  presents  the  theoretical  Justification,  first 
established  in  1958  by  Pines, ^  for  the  basically  edpirical  Matthias  Buie. 
Section  V  discusses  the  superconducting  properties  of  the  trwosition 
metal-borides,  a  family  <a  materiala  vhich  dlsob^  the  Natalias  Bule.^ 


other  deviations  froo  the  rule,  sone  of  which  were  discovered  only  very 
recently,  are  treated  in  Section  71.  A  simmry  of  the  results  and  the 
conclusions  drawn  are  presented  in  Section  TU  and  Table  n. 


n.  THE  tlATTHIAS  RULE  FOR  THE  SLSI  SiJTS 

The  Periodic  Table  of  the  Elements  according  to  Kessler^  gives  an 
excellent  synopsis  of  the  electronic  properties  of  the  elements.  In 
Figure  1,  the  table  has  been  adapted  for  this  work  by  adding  the  Tg  values 
of  elements,  and  of  certain  confounds.  !^e  electronic  properties  are 
discussed  first.  Each  atom  differs  from  its  predecessor  in  the  sequence 
of  atomic  numbers  (which  are  marked  to  the  left  of  the  element  symbols) 
by  one  electron.  The  vertical  position  of  the  eleiasnt  symbol  indicates 
the  atonic  subshell  (marked  on  the  left  of  the  table),  to  which  this 
"last"  electron  was  added.  Sometimes  another  electron  is  simultaneously 
added  to  the  subshell.  This  is  then  altreys  at  the  expense  of  another 
subshell,  as  indicated  by  apprt^riate  symbols  in  Figure  1.  The  Periodic 
Table  so  obtained  gives  an  instructive  and  "natural"  presentation  of  the 
d-transition  series  (transition  metals),  as  well  as  the  f-transition 
series  (rare  earths  and  actinides).  Similarly,  the  groupings  of  the  non¬ 
transition  metals,  and  the  nonmetals,  are  easily  recognized  in  the  left 
and  the  right  portions  of  the  table.  A  grouping  with  respect  to  the 
superconducting  transition  temperattires,  T^,  of  the  elements  is  also 
given  in  Figure  1.  The  approxisate  Tg  value  for  each  superconducting 
element  is  listed  over  the  atomic  number.  Most  of  these  values  were 
obtained  from  the  excellent  conpllatlwi  by  Roberts.^  For  the  graphical 
representation  of  the  superconducting  properties,  the  teaperature  scale 
has  been  divided  into  zanges,  using  powers  of  2  for  the  limits,  as 
Indicated  in  Figure  1.  A  synibol  denoting  the  tenveratnre  range  which 
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contains  Tq  is  placed  to  the  Insaadlate  rlg^t  of  the  atomic  ntnttber  of  each 
sttperconducting  element.  For  cozrrenience,  a  coarser  classification  is 
also  used  in  this  work.  Superconductors  with  a  (relatively)  high  transition 
teB5)erature  Tc^*K  are  called  "high  tenperature  superconductors, "  and  those 
with  Tg<2*K  "low  ten^perature  superconductors,"  the  rest  "laediun  tenrperature 
superconductors . " 

The  Tc  data  of  Figure  1  are  now  disctissed  in  terms  of  the  empirical 
laws  found  hy  Matthias, 2  which  are  fornulated  here  as  follows: 

(1)  Ko  super  conduce  Ity  is  found  among  elements  which  are; 

(a)  nomaeuals,  sc.:' conductors,  or  semimetals 

(h)  ferromagnetic  o.  •  ntif erromagnetic 

(2)  With  n  for  the  numiber  o_  valence  electrons,  superconductivity  is 
found  only  in  elements  for  which  2<i^. 

(3)  The  variation  of  Tq  with  n  is  giver,  hy  an  eripirical  function 
T(ii),  qualitatively  shown  in  Figure  2.  For  a  given  d-transition 
series,  T(n)  has  relative  marima  at  n  =  3,  5,  and  T,  and  relative 
BdnlTna  at  n  >  4,  and  6.  For  a  sequence  of  nontransition  metals, 
7(n)  Increases  monotonically  with  n. 

(4)  With  7^  for  the  atomic  volume,  and  K  for  the  atomic  mass.  Tg 
varies  for  a  given  n  as  follows; 

Tc  « 

/  with  4  <  u  <  5‘ 

Observed  Tc  differences  between  Isotopes  of  a  nusiber  of  elements'^ 
suggest:  w  «  Elements  at  the  limits  given  by  (2),  i.e., 
with  n  X  2  and  n  ■  8,  show  no  regular  variation  of  T^  vlth 
and  K. 
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(5)  crystal  structore  has  sosas  influence  on  Tc*  tJhcoagpllcated 
cubic  and  hexagonal  systems  appear  "favorable"  to  super¬ 
conductivity.  The  variations  in  Tg  which  can  be  attributed 
to  differences  between  structures  are  generally  small  (20^  to 
30^&). 

With  the  help  of  the  empirical  laws  (l)  and  (3);,  the  llatthias  Rule 
can  be  represented  by  a  single  equation: 

Tc  *  [C  T(n)  (II. 1) 

u  «  5,  w  • 

The  expression  in  the  square  brawhet  is  dimensionless  and  of  the  order 
one.  C  varies  with  crystal  structure  as  discussed  in  (5)  abo*.^.  C 
and  ?(n)  may  be  so  adjiisted  that  the  e^^jression  in  square  braohets  in 
(ll.l)  becomes  unity  for  niobium  and  that  T(5)  ■  9*K,  the  Tc  -/alue  of 
lib.  The  Tc  'values  of  the  horizontal,  vertical  and  diagonal  neighbors 
of  this  "pivotal"  superconductor  are  then  easily  predicted  by  (n.l). 
Conparison  with  the  actual  -values  of  Figure  1  shows  good  agreemer-x. .  The 
formula  (II. 1)  indicates,  for  example,  why  ITo  is  a  superconductor  superior 
to  both  its  vertical  neigh'bors.  Vanadium,  although  having  an  atomic  mass, 
1>1,  smaller  than  that  of  Nb,  also  has  a  substantially  smaller  atonic  volume 
Va;  and  the  latter  influence  prevails.  The  reverse  is  true  for  the 
relation  between  Ub  and  Ta. 

Figure  1  shows  Wb  and  Tc  as  the  only  hl^  temperature  superconductors 
(in  terms  of  the  definition  given  above)  among  the  elements.  Iheir  common 
horizontal  nel^bor,  No,  however,  rates  as  a  low  temperature  super¬ 
conductor.  This  is,  of  course,  Just  the  verification  of  two  of  the 
"peahs"  and  of  one  "-valley"  stipulated  by  the  T(n)  curve  in  Figure  2. 
Farther  verification  le  obtained  by  inqpeetlng  the  and.  5d  transition 

k 


series  in  Figure  1.  She  3d  transition  series  fields  little  isfozmtion, 
because  the  "peak"  (n  •  3)  superconductor  V  is  foUoved  by  antifenrcmagnetic 
and  ferrcBnegnetic  elements.  In  agreement  vith  the  rule  (1),  above,  these 
elements  axe  marked  vith  a  "0,"  ixvUcating  that  no  sfq)ercondaetlvit7  is 
expected.  Se,  Y,  and  some  other  elements  are  marked  vith  a  indicating 
that  supercondnctivity  may  be  found  in  the  future  vhen  measurements  on 
saaples  of  higher  purity,  or  measurements  at  lower  tesperatures,  are  made. 
Thus,  superconductivity  is  suggested  for  Sc  and  I  by  the  Matthias  Buie, 
and  by  aiudogy  to  the  stperconductor  La  in  the  same  colum.  Super¬ 
conductivity  vas  also  predicted  for  Lu,^  which  differs  from  La  only  insofar 
as  La  has  a  cospletely  espty  k  f  shell,  and  Lu  a  conpletely  filled  4  f 
shell.  Sjements  vith  partly  filled  4  f  shells  ("rare  earths")  have  dominant 
magnetic  properties  and  do  not  st5>erconduct .  In  contrast  to  this,  at  least 
one  element  with  a  partly  filled  5  f  shell,  U,  is  a  superconductor. 

Inspection  of  the  nontransition  metals  of  the  Periodic  Table,  Figure  1, 
reveals  only  fair  agreement  vith  the  Matthias  Buie.  Of  some  interest  is 
the  sequence  Bg,  Tl,  Pb,  Bi.  The  value  for  Hg  is  "too  high"  for  a  divalent 
element.  Bi  is  a  semlmetal  and,  of  course,  a  nonsuperconductor.  A  high- 
pressure  phase  of  Bi,  and  also  an  amorphous  phase  of  Bi  obtained  by  low 
tesperature  condensation,^’^  are  high  tesperature  superconductors.  It 

» 

is  assumed  that  Bi  loses  its  send  met  al.L1c  character  tpon  formation  of  one 
of  these  two  phases,  and  becomes  metallic.  The  observed  Tc  values  are 
indeed  slightly  higher  than  those  of  Fb,  as  predicted  by  the  Matthias  Buie 
for  a  metallic  right  neighbor  of  Fb  (Figure  2).  The  amcnrphous  phases  of 
Be  and  6a,  idiich  are  also  high  tesperature  stperccmductors,  represent 
obvious  deviations  from  the  Matthias  Buie. 
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m.  HOLES  ?0R  m/JZB  m)  cgmpoohls 


Same  sli^  modifications  of  the  Matthias  Rule  for  the  elements 
produce  an  equi-valezrt  rule  for  compounds  and  alloys.^  These  modifications 
are  conveniently  formulated  in  close  axtalogy^  to  the  empirical  lanni  (l) 
through  (5)  of  the  previous  section  (see  also  Table  II): 

(I'a)  Materials  vlth  the  electronic  properties  of  nonmetals,  semi¬ 
conductors,  or  semimetals  do  not  s^perconduct . 

(I'b)  j^lferroma^ietic  materials  do  not  become  superconducting. 

(I'c)  Ferromagnetism  resulting  from  d-spins,  i.e.,  from  uz^paired 
electrons  in  partly  filled  d-subshells,  is  not  con^tible 
vlth  sv^rconductivity. 

(I'd)  Ferromagnetism  resulting  from  f-spins  is  in  special  cases 
compatible  vlth  superconductivity. 

The  last  statement  reflects  observations  made  by  Matthlas^^  on 
pseudobinary  systems  such  as  7082  with  a  fev  percent  Qd0s2  in  solid 
solution.  Hsr  proper  adjustment  of  the  Gd  content,  a  smterlal  is  obtained 
vhlch  first  becomes  ferromagnetic  and  then  superconducting  upon  cooling. 

(2 ' )  Vlth  n  nov  denoting  the  average  number  of  valence  electrons 
per  atom  of  the  aU^  or  ccnpound,  the  occurrence  of  super¬ 
conductivity  is  again  limited  by: 


2  <  n  <  8. 

(3*)  The  variation  of  T^  vlth  n  is  again  given  by  an  eqpirical 

function  T(n),  vhlch  resesibles  that  for  the  elements  (Figure  2), 
but  vlth  the  second  marlminn  shifted  to  n  >  ^.7  and  the  third 
shifted  to  n  ■  6.7* 
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(V) 


With  V|^  nov  denotiag  the  xgol-volime,  the  -variation  of  for 
a  given  n  aegr  be  e:q^8sed  by: 

Tc  «  ^  •  f(Hi»  *te);  5  <  tt  <  ID. 

Bo  slnple  function  f(%>  IS2)  describing  the  combined  influence 
of  tvo  atomic  masses  can  be  given  althoui^  it  is  evident 

that  large  masses  tend  to  decrease  Tc« 

(5')  The  \incooqpllcated  cubic  and  hexagonal  systems  which  had  been 
recognized  as  "favorable”  to  hi^  Tc  values  for  the  elements 
are  of  eqtial  iSQ>ortance  for  alloys  and  coog>ounds.  Several 
superconductors  in  the  highest  Tc  range  are  Intezmetalllc 
coicg>ounds  of  the  type  TM3L  (with  "TM"  for  "transition  mstal^” 
and  'X"  for  another  element)  and  crystallize  in  the  so-called 
S-W  structure,*  ^dilch  has  no  analogue  among  the  elements. 
Bumero\is  coasplicated  structures  are  found  among  the  medltna 
and  low  tezperature  superconductors.  Bo  superconductors 
ha-ve  been  found  ha-vlng  czystal  structures  without  a  center 
of  inversion. 

Of  special  interest  is  the  occurrence  of  Bux>erconductors  with  high 
Tc  -values.  To  study  this  problem,  the  Tc  -value  of  a  selected  super¬ 
conducting  cospound  (if  existing)  is  presented  over  each  element  sy]id>ol  . 
in  Figure  1.  The  formula  of  the  caiDg)ound  is  placed  to  the  immediate  left 
of  the  Tc  -value.  !Ihe  coopound  (or  alloy)  selected  is  the  one  with  the 


«The  "^-W"  structure  does  not  occur  in  eleiaental  W,  as  originally 
assumed,  but  only  in  W3O.  See^. 
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hl^st  Tq  value  amons  all  tbs  binary  ca^poundB  (or  alloys)  vltb  at  least 
50  atomic  percent  of  the  element  considered.  Itost  of  these  Tc  values  are 
again  taken  from  the  coiis>ilation  by  Roberts.^  The  data  for  selected 
caas>ounds  in  the  Periodic  Table^  Figure  1,  suggest  the  establishment 
of  three  additional  empirical  lavs,  vhich  may  be  considered  as  complemen> 
tary  to  the  Matthias  Rule.  Ohe  following  statements  pertain  only  to 
compositions  with  at  least  30  atomic  percent  of  the  element  in  question: 

(a)  The  Tq  values  of  all  superconducting  elements  are  substantially 
raised  upon  formation  of  suitable  coo^tounds  or  alloys.  The 
increases  are  30^  and  more  for  transition  metals,  and  generally 
less  for  nontransition  metals. 

(B)  With  the  exception  of  the  elements  of  the  f -transit ion  series, 
and  of  the  7a  and  the  0  columns  of  the  Periodic  Table,  most 
non8i;^rconductlng  elements  form  siQ)erconducting  alloys  or 
ooopounds. 

(C)  Elements  which  become  superconductors,  or  superconductors  vhich 
attain  increased  T^  values  upon  formation  of  an  amorphous  phase, 
behave  similarly  iq>on  formation  of  a  suitable  ccm^ound. 

The  vast  e2q)erlmental  material  available  on  superconducting  alloys 
and  compounds  generally  supports  the  simple  rules  formulated  in  this 
section.  Structural  aspects  are  extensively  treated  in  the  work  of 
Matthias.^' ^  Superconducting  solid  solutions  vith  a  vide  homogeneity 
range  permit  the  continuous  variation  of  the  electron  concentration,  n. 
Chanln,  lynton  and  Serln^^  dissolved  In  or  Sb  in  Sn  and  shoved  that  the 
observed  variation  of  Te  vith  n  is  that  predicted  by  the  Matthias  Rule, 
except  for  small  caocentratluis.  The  consequences  of  these  results  are 
also  discussed  by  Coles. ^  fietensive  studies  of  solid  solutims  foonad 
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"tiy  transition  nstsls  reported  by  Hula  and  Haotfier^^  eonflzaed  the  tvo 
predicted  Tq  mrijaa  at  n  >  4.7  and  n  ■>  6.4.  Ho  clear  relatimiship  could 
be  established,  hoftferer,  for  allogrs  formed  between  wertleal  neighbors  in 
the  Periodic  Table. 

Tbe  Matthias  Sole  for  transition  metals  is  generally  obeyed  also  by 
co(DQ>ound8  formed  between  transition  metals  and  noatransltlon  metals. 

Tbls  has  been  demonstrated  by  Matthias^  by  comparing  many  compounds  of 
Mo,  V,  Hb  or  V  with  nontransition  metals.  Even  conpounds  with  the  semi¬ 
conductors  Si  and  Ge  do  not  deviate  from  the  T(n}  cturve  for  transition 
metal  compounds.  To  detezmine  whether  the  Matthias  Rule  for  transition 
metals  would  still  apply  to  cospounds  between  transition  metals  and  such 
pronounced  nonmetals  as  B,  C,  and  H,  a  comparison  of  these  coopounds  was 
made  by  the  author.^  Since  the  3d-transition  series  contains  only  two 
superconductors,  the  comparison  was  limited  to  the  borides,  carbides  and 
nitrides  of  the  4d-  and  5d-transition  metals.  The  results  are  presented 
in  Plgure  3  by  plotting  the  highest  reported^  Tc  values  for  all  three 
hinds  of  conpounds  as  a  function  of  n.  Tbe  maTlmni  T^  values  obtainable 
from  binary  combinations  of  4d-  and  ^d-transltion  metals  alone  are  also 
shown.  Tbls  "reference"  curve  shows  the  characteristic  peaks  at  n  «  4.7 
and  n  B  6.7*  The  two  curves  representing  the  carbides  and  the  nitrides  both 
have  a  very  pronounced  peak  near  n  >  5,  and  "dips"  near  n  >  4  and  n  ■  6. 

Tbe  bozdde  curve,  having  a  peak  at  n  ■  4,  and  a  dip  at  n  >  4.5,  is  clearly 
"out  of  step"  with  the  three  others.  With  these  somewhat  surprising 
results,  the  borides  appear  to  be  the  only  family  of  translti<»  metal-non- 
metal  conpounds  which  clearly  violates  the  Matthias  Rule.  Tbe  transition 
metal  borides  are  discussed  in  more  detail  la  Section  ?. 
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17.  THE  TESOBSSICAL  BASIS  FOR  THE  MATTBIAS  BOLE 

An  approximate  relationship  hetveen  the  properties  of  a  snpercoDdoct- 
ing  material  and  its  superconducting  transition  teoperature,  Tq,  is  given 
by  the  Bar(teen-Cooper-Schrieffer  ("BCS")  theory. <nie  siQarccmdnctlng 
state  is  e:q>lained  in  this  theory  as  the  result  of  a  many-hody  interaction 
among  the  electrons  near  the  Fermi  surface  via  the  exchange  of  phonons. 

With  respect  to  Tc>  the  theory  predicts  that: 

kTc  ■  (IV.I) 

where  k  is  the  Boltzmann  constant,  9  the  Debye  temperature,  &i)  the  average 
phonon  energy,  and  R(0)  the  number  of  electrons  per  unit  energy  near  the 
Fermi  surface,  divided  by  the  volume  of  the  saiple.  -7  gives  the  average 
net  interaction  energy  between  the  electrons  near  the  Pemd  surface, 
multiplied  by  the  volume  of  the  sajaple.  In  the  superconducting  state, 
this  net  interaction  energy  is  negative  (attractive  case),  so  that  7  is 
always  positive  when  (iV.l)  applies.  Pines  pointed  out  in  that  the 

then  new  BCS  theory  should  e:q>lain  many  of  the  espirical  features  of  the 
Matthias  Rule.  For  the  treatment  of  the  nontransition  metals,  Fines 
neglects  the  influence  of  the  lattice  periodicity  and  assumes  a  gas  of 
interacting  electrons.  In  the  gas,  the  Coulonib  interaction  between  two 
electrons  is  reduced  by  the  "screening  effect"  of  the  mobile  charges  of  the 
other  electrons.  The  amount  of  reduction  is  given  by  a  screening  parameter, 
ks.  This  Irportant  parameter  is  related  to  the  quantities  7a  (atomic 
volume),  and  n  (nuniber  of  valence  electrons  per  atom)  frcmi  the  Matthlais 
Rule  as  follows: 

ks  «  (r)V2;  r  «  (37a/4«n)V3.  (I7,2) 
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She  nev  quantity,  r,  vhich  is  iatrodoced  for  eoimmla&ee,  dmotes  tlw 
"electron  spacing."  It  is  related  to  7a/n>  the  inverse  electron  density, 
as  indicated.  TSus  phonon  interaction  between  two  electrons  imolwes 
Coulomb  interactions  with  ions,  which  axe  also  "screened"  with  the 
seme  screening  parameter,  kg.  She  rather  complicated  espresslon  which 
Fines  derives  for  the  interaction  energy,  -7,  contains  an  "attractive" 
phonon  term  and  a  "repulsive"  Coulooib  tern.  She  phonon  term  is 
proportional  to  the  square  of  the  ionic  charge,  (en)^.  Sherefore,  the 
phonon  term  Increases  rapidly  with  n,  giving  supercondiictivlty  for 
n  >  2  in  accordance  with  the  Matthias  Buie.  An  Increase  in  the  screening 
parameter,  lig;  also  enhances  superconductivity,  since  it  reduces  the 
Coulomb  term  more  than  the  phonon  term.  According  to  (I7.2),  kg 
Increases  with  the  atomic  volume,  7a*  Shus,  a  large  7a  exihances  super¬ 
conductivity  again  in  accordance  with  the  Matthias  Rule.  It  is  also 
seen  in  T.2)  that  a  large  n  reduces  kg.  ISiia  counteracts  to  some 
degree  the  iifluence  of  n  via  the  ionic  charge.  Observing  that  H(0) 
e  l/r  in  his  rtsple  model.  Finest  then  expresses  the  erponent  in  (17.1), 
-IC(0)V,  as  a  function  of  n  and  r,  or  in  view  of  (17.2),  of  n  and  7a. 

She  expression  is  not  dependent  on  the  atomic  mass,  M;  the  relevant 
^erms  cancel  out  in  Fines'  calculations  of  7.  The  mass  dependence 
ci  Tq  is  contained  in  the  first  factor  of  (I7.l),  the  Debye  tespezmture, 
S;  vaich  varies  as  0  ce  M-VS.  With  this,  Tc  is  now  connected  to  the 
-t:.rc-e  parameters  of  the  Matthias  Bole,  M,  n,  and  7a  throujdi  the  BCS 
:::'=:ula,  (17.1).  In  the  treatment  of  Fines,  the  formula  gives  roui^bly 
6  same  trends  for  the  Tq  values  of  nontrazmition  astals  upon  variation 
.  am:;'  of  the  three  parameters  as  the  Mstthias  Bole.  But  ]l(0) 
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raloAS  actually  calculated  ty  Piaea3  are  aoeh  too  aaali  to  yield  tba  correct 
raafle  of  Ib  'raluea.  Flnee  aotes  that  the  elaple,  "free  electron  gae"  re- 
latlo&shii^  h(0)  «  l/x  leade  to  diacrqpanciea  for  mtals  ulth  n  ■  2.  Aa 
discussed  shove  In  Section  II>  (4),  the  Matthias  Rule  eqioally  fails  to 
joake  clear  predictions  for  these  elenents.  Pines  points  out  that  the 
divalent  elesnnts  have  haslcally  one  valence  band  filled  with  the  two 
s-electronSj  and  that  the  aetalUc  properties  are  only  the  result  of  a 
certain  degree  of  hand  overlap,  therefore,  the  aodel  of  a  gas  of  nearly 
free  electrons  is  qtilte  inappropriate,  the  siodel  Is,  of  course,  even  aore 
inappropriate  for  the  transition  aetals  vlth  their  narrov  and  coaolex 
d-hands,  naldng  a  different  approach  necessazy. 

Borlzootal  nel^ibors  ulthin  a  transition  series  are  generally  aore 
siallsr  to  one  another  than  horizontal  neii^ibors  in  the  Periodic  tahle 
among  the  nootransitlon  aetals.  In  particular,  there  is  relatively 
little  change  in  the  rooa  tesgwrature  resistivity  vlthin  a  given 
transition  series.  Since  the  high  temperature  resistivity  depends 
on  the  phonon-eleetron  interaction,  this  indicates  a  nearly  constant 
Inberactlon  tezm,  Y,  in  the  BCS  foranla  (17.1).  Recent  direct  detezaina- 
tion  of  y  hy  Bucher  et  al.^  shoes  a  n increase  of  7  elth  n  which  is 
neglected  for  the  following  guaUtatlve  argnaents.  Bie  large  variations 
of  Ze  vlth  n  vlthin  a  given  transition  series  have  been  discussed  in 
the  preceding  sections.  In  view  of  the  BCS  foxaula  (lY.l),  these  large 
variations  aost  be  attributed  to  equivalent  variations  of  1(0),  since 
0  and  Y  are  nearly  constant  vlthin  a  given  series.  Zhe  variations  of 
B(0)  vlth  n  can  be  predicted  froa  theoretical  computations  at  the  electron 
level  density,  da(c)/dt,  for  all  the  oondBctlon  bands  of  a  givan  astal. 
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The  characteristic  features  of  the  conduction  hand,  in  xoetals,  as  far  as 
known,  are  treated  in  detail  by  Slater.^  The  results  of  Mannii^  and 
Chodorow,^  also  discussed  by  Seitz, for  the  5d  transition  series  are 
presented  in  Figure  4.  Tne  upper  curves  represent  the  level  densities 
for  the  individual  bands  (l  throu^  V  for  the  d-bands,  VI  for  the  s-band) 
as  functions  of  the  energy;  the  lover  curve  gives  the  total  densities  of 
all  six  bands  comblzMd.  Integration  over  dn(c}/d€  from  zero  energy  (the 
"bottom'’  of  the  lowest  band)  to  the  Fermi  energy  yields  the  total  nuaber 
of  electrons  per  atom,  n.  Ibe  BCS  quantity,  N(0),  Is  proportional  to  the 
value  of  dn(€)/de  at  the  Fersd  energy.  Ihe  FezmL  energies  for  Ta  (n  »  5), 
and  W  (n  «  6)  are  Indicated  in  Figure  4.  A  characteristic  dip  is 
recognized  near  n  *  6,  as  predicted  by  the  Matthias  Rule.  ISie  effect  of 
the  dip  is  greatly  magnified  throu^  the  e^nential  character  of  the 
BCS  formula,  (IV.I).  Setting,  for  convenience: 

N(0)7  »  G 

one  easily  verifies  that 

^c/^c  ■  (1/G)^/G.  (IV.2) 

G  is  usually  between  0.3  and  0.2  for  medium  teas>erature  superconductors. 
Formula  (17.2)  then  states  that  a  10^  change  in  Q,  or  n(0),  is  reflected 
by  a  30^  to  50^  change  in  Te>  forth.  The  large  volume  exponent, 

u,  in  the  expresb-lon  Iq  «  7a  of  the  Matthias  Rule  becomes  plausible  by 
similar  reasoning.  Ibe  magnifying  effect  of  (17.2)  is  obviously  re¬ 
duced  for  large  0  values  (G  •  0.4).  Ibis  could  possibly  explain  why  the 
Tc  va.  n  curves  for  transition  metals,  for  exasple  those  of  Balm  and 
Blau|ber,^^  often  have  flat  "peaks,"  but  steep  "valleys."  For  the 
hypothetical  ease  of  G  »  1,  Xe  would  erldently  sqpprmctmate  the  Debye 
teqperature,  $. 
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Experimental  ll(0)  curves  are  available  from  measurements  of  the 
specific  heat,  "ft  vhich  is  proportional  to  N(0}.  Daunt  recognized  in 
1955^  the  similarity  between  the  Tc  variations  and  the  7  variations 
within  a  transition  series.  Recent  experimental  data  by  Hoare^^  are 
presented  in  Figure  5.  It  is  seen  that  the  actual  variations  of  N(0) 
are  considerably  greater  than  the  calculated  ones  of  Figure  4.  The  agree¬ 
ment  with  Ijatthlas  Rule  is  excellent  except  for  n  >  8,  where  the  7  vs. 
n  c\irves  predict  high  tenperat\ire  superconductivity  for  nonsiqyerconductors 
such  £is  Pd  and  Pt.  The  data  on  Figure  4  also  demonstrate  some  of  the 
influence  of  structure.  It  can  be  seen,  for  example,  that  the  7  increase 
from  W  to  Pd  is  not  as  large  as  e:q?ected,  probably  due  to  the  change  in 
structure . 

Morel  and  Anderson^*^  recently  presented  a  theory  which  leads  to  rather 
acciucate  predictions  for  the  R(0)y  values  of  transition  metals  as  well  as 
nontransition  metals.  The  phonon  term  used  by  these  authors  is  based  on  a 
retarded  interaction  via  short  wavelength  phonons.  This  is  in  contrast  to 
the  "\aahlapp" -processes,  which  were  considered  of  primary  interest  by 
Fines. 3  Another  improvement  is  the  use  of  experimental  data.  Instead  of 
free  electron  data,  for  R(0).  A  somewhat  strange  result  of  the  theory  of 
Morel  and  Anderson  is  the  prediction  of  siperconductivity  for  all  (non- 
ferromagnetic }  metals.  The  calculation  yields  a  positive  (attractive) 
r(0}V  value  even  for  the  monovalent  metals  Ra,  E,  Cu,  Au.  The  predicted 
R(0}7  values  are  very  small,  however,  so  that  these  materials  would 
become  superconducting  only  at  temperatures  of  the  order  10*3*^  or  less. 

An  e^rimental  test  of  this  prediction  would  be  extreziely  difficult. 
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In  the  discussion  of  repulsive  and  attractive  interaeti(»s  in  this 
section,  no  distinction  has  been  nade  so  far  between  s-  and  d»electrons. 
Such  a  distinction  is  suggested  by  the  considerably  heavier  effective 
isasses  of  the  d-electrons.  Garland^^  and  Peretti^^  have  recently  shown 
that  a  sxQerconducting  state  can  exist  by  virtue  of  s-d  interactloxis. 

Ihese  interactions  do  not  necessarily  involve  phonons.  In  that  case,  the 
BCS  fornula,  (IV.I),  would  not  have  the  Debye  tesgperature,  0,  as  a  factor 
(and  as  an  upper  limit  for  Tc)*  Since  6  is,  by  virtue  of  S  « 
responsible  for  the  Isotope  effect  (see  Section  XI)  a  "phonon  independent" 
superconductor  should  have  no  isotc^  effect.  It  is  Indeed  Imown  that 
Bu  and  Os  hai'e  no  isotope  effect,  zmd  that  some  other  superconducting 
materials  shoi/  only  a  partial  isotope  effect  .^7  ^niis  gives  si^port  to 
the  idea  of  an  s-d  interaction  not  involving  phonons.  For  the  case  of 
predominant  s-d  interaction,  Perettl  replaces  the  expression  ll(0)V  in 
the  BCS  fonmila  (I7.1)  by:  [IIb(0)%(0)] jhg  indices  are  self- 
explanatory.  In  estimate  of  the  magnitudes  of  the  two  density  terms 
Ilgfc)  end  IT^(O)  and  of  their  variation  with  n  msy  be  made  with  the  help 
cf  Figure  4. 

The  absence  of  siperconductlvlty  among  nonmetals,  semiconductors, 
and  semimetals  is  quite  obvious  from  the  preceding  discussioni  these 
materials  do  not  have  a  sufficient  suniber  of  conduction  electrons;  the 
r(0)  values  are  too  small.  The  BCS  model  serves  to  explain  why  d-spin 
ferrcmagnetism  is  not  cospatible  with  superconductivity.  The  model 
imposes  rigorous  restrictions  on  the  spins  of  the  electrons  nesr  the  Fexod. 
surface  (which  are  mainly  from  tlw  d-bands)  in  assembling  these  electrons 
in  "Cooper  pairs"^^'^*^  with  zero  iwt  aonentum  and  zero  iwt  spin.  The 
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electrons  cannot  simultaneously  fulfill  the  equally  rigorous  and  quite 
different  requlrenents  inposed  by  ferroniasnetic  spin  alignnent.  Similar 
reasoning  applies  to  d-band  antiferromagnetism.  lEhe  sitxiatlon  may  be 
different  in  the  case  of  f-band  ferronagnetisai  (Section  (I'd)), 
because  f-electrons  are  localized.  No  satisfactory  theoretical  erplanation 
for  the  absence  of  superconductors  among  the  nonferromagnetic  transition 
metals  with  n  >  8  has  been  given. 

V.  THE  1-IODIITED  l-IATTHIAS  HJLE  FOR  THE  EEIAIISITION-METAL  BORIDES 

A  survey  of  the  Tc  vs.  n  curves  of  the  three  most  iriportant  families 
of  superconducting  transition  mstal-nonmetal  compounds,  namely,  the 
transition-metal  boi’ides,  -carbides  and  -nitrides  was  presented  in 
Figure  3  and  discussed  at  the  end  of  Section  III.  It  was  shcrm  that  the 
curve  for  the  borides  is  "out  of  step"  '.rith  those  for  the  two  other 
families,  and  of  course  also  at  variance  irith  the  I-Iatthias  Rule.  This 
noti-'/ated  the  author  and  his  co-worhers^  to  prepare  borides  with  possibly 
high  transition  tenqseratures  and  irith  an  average  nxnriber  of  valence  electrons, 
n,  '.Tithin  the  range  of  the  observed  discrepancy,  ^  <  n  <  5*  The  prepara¬ 
tion  of  satisfactory  boride  sacples  is  difficult  because  of  the  very-hi^ 
melting  points  and  of  the  often  complicated  phase  diagrams.  These  problems 
are  extensively  discussed  by  Schwarzkopf  and  Kieffer.^^  Reactive  sintering 
(S)  and  direct  fusion  (m)  permit  synthesis  at  a  teniperature  lower  than  the 
melting  temperature,  which  is  often  required  by  the  phase  diagram  and  "by 
other  considerations.  The  letter  symbols,  S  and  M,  serve  for  a  convenient 
identification  of  materials  in  the  following.  Many  saaq>les  prepared  hy 
sintering  or  fusion  were  subsequently  melted  in  a  vacuum  hy  an  electron 
beam  (e).  The  electron  beam  melting  was  often  combixied  with  floating  zone 
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refining.  Electron  bean  melted  and,  even  more  so,  zone  refined  aaoiplea  are 
generally  siiperlor  to  others  in  purity  and  structural  perfection.  Eils  jaay 
be  seen  from  Table  I,  which  gives  a  detailed  com^parlson  of  typical  S,  H, 
and  E  samples. 

The  rerolts  obtained  with  borides  from  the  three  methods  of  preparation 
used  are  sumariaed  in  Figure  6.  For  comparison,  the  top  curve  gives  the 
highest  values  from  the  literature,^  the  same  as  in  Figure  3*  The  observed 
Tc  ranges  for  samples  of  a  given  origin  are  indicated  by  brackets.  In  the 
case  of  NbB  (ns  4),  the  trends  ere  as  e:^ected.  The  sintered  material  has 
a  vide  spread  of  Tc  valves,  and  is  inferior  to  the  electron  beam  melted 
material.  The  electron  beam  material  does  not  quite  reach  the  value  ex¬ 
pected  from  the  literature,  probably  due  to  loss  of  B  by  evaporation  at  the 
very-hl^  melting  temperature  of  BbB  (s  2800*C).  It  is  possible  that  the  so 
induced  boron  vacancies  in  the  NbB  lattice  depress  the  Tq  value  of  the 
material,  as  discussed  in  the  next  section.  In  spite  of  these 
differences,  the  new  Tg  values  for  well-prepared  NbB  material  evidently 
confirm  the  "wrong"  peah  at  n  >  4.  The  situation  with  UoB  (n  «  4.5)  is 
similar.  Bone  of  the  samples,  which  had  been  prepared  in  various  ways 
(see  Table  l),  were  found  superconducting  above  1.6*K,  the  limdt  of  the 
measuring  apparatus.  Thus,  the  "dip"  at  n  ■  4.5  is  also  confirmed  by  the. 
new  measurements. 

The  results  for  M02B  (n  *  5}  appeared  rather  paradoxical.  The  Tc 
data  for  fused  and  for  sintered  material  have  only  small  spreads  and  agree 
well  with  the  published  data.  Upon  electron  beam  smiting,  however,  the 
values  become  unexpectedly  low.  In  view  of  the  hLgt  Tq  values  for  the 
lio-nltrides  (12*K  for  MoN,  5*K  for  M02B)  and  the  vigorous  outgassing 
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obsez^ved  during  the  electron  hesm  atelting  process,  the  Influence  of  nitrogen, 
possibly  in  solid  solution  in  the  M02B  system,  vas  suspected.  To  test  this 
idee,  an  outgassed,  lov  Tc  sazt^le  vas  heated  in  a  nitrogen  atmosphere.  !nils 
treatment  raised  the  ^  value  hack  into  the  range  for  material  vhich  had  not 
been  oxitgassed.  These  results  strongly  suggest  that  the  values  of  the 
electron  bean  melted  material  are  more  representative  for  M02B  in  its 
purest  form.  The  nev  Tc  vs.  n  curve  in  Figure  6  is  drawn  accordingly.  It 
is  seen  thau  a  "valley"  now  extends  from  n»^.5ton»5>  creating  an  even 
greater  deviation  from  the  Matthisis  Rule. 

An  explanation  for  the  unxisual  Tc  vs.  n  curve  for  the  transition  metal 
borides  is  suggested  by  the  unusual  electronic  and  structiural  propeirties  of 
elemental  boron^^  as  well  eis  many  transition  metal-borides. >30  in 
contrast  to  the  uncomplicated  RaCl  or  other  cubic,  or  hexagonal  structures 
of  most  of  the  carbides  or  nitrides,  the  metal  rich  borides  aire  usually 
characterized  by  two  interleaved  substructures,  one  containing  only 
transition  metal  {Wi)  atoms,  the  other  only  B  atoms.  Figure  7  shows  that 
the  monoborides  IThB,  TaB,  and  CrB,  arrange  the  T34  atoms  in  endless 

trigonal  prisms,  with  the  B  atoms  forming  zigzag  chains  in  channels  between 
the  prisms;^'^  6-MoB  has  a  similar  structure.  The  subborides  7-M02B  and 
Ta2B,  shown  in  Figure  8,  have  linear  chains  of  B  atoms.  Each  B-chain  is  > 
located  at  the  center  of  four  parallel  chains  formed  by  the  TM  atoms. 

Tne  chains  are  built  by  distorted  tetrahedra  sharing  edges.  It  appears 
very  plausible  that  TM-TM  and  B-B  bonds  are  much  more  numerous  in  such  a 
system  than  the  "mixed"  TM-B  bonds. 3^  In  that  case,  little  "sharing"  of 
electr«i8  between  the  two  subsystems  and  little  change  in  the  nature  and 
occupation  of  the  d-band  of  the  traxtaltlon  artal  would  occur  tqpon  foxaation 


of  such  a  coogpound.  Th«  normal  and  anpercondiictixig  n^^pertlaa  of  amo- 
'borides  and  subboridea  should  approxlaabe  those  of  the  xaetal.  To  test 
this  assus^lon,  the  nusiber  of  the  electrons  per  atom  of  each  metal^  n*, 
is  also  given  in  Figure  6.  In  terms  of  n*,  the  IM-borides  have  indeed 
"regular"  behavior,  with  a  peak  at  n*  ■  5,  and  a  valley  at  n*  »  6. 

Valuable  information  on  the  electronic  properties  of  a  superconductor 
can  be  obtained  by  measuring  the  normal  conductivity  under  various  con¬ 
ditions.  One  obvious  criterion  for  the  metallic  character  of  a  material 
is  the  resistivity  at  room  tesqperature,  0300*  ^ba  in  Table  I  indicate 
that  the  0300  values  for  an  electron  beam  melted  transition  metal  bOTide 
sarple  are  low,  in  the  neighborhood  of  the  P3QQ  value  of  the  transition 
metal  Itself.  Another  izportant  criterion  is  the  variation  of  p,  the 
resistivity,  with  teii?)erat\ire.  Plots  of  0/0300  typical  sauries  are 
presented  in  Figure  She  curves  for  sintered  and  fused  saiqples  tend  to 
level  off  below  50*K,  indicating  a  tessperature  behavior  of  0  which  is  the 
result  of  strong  scattering  by  lxD[purlties  or  structural  liqperfection.^ 

The  curves  for  the  electron  beam  melted  samples  drop  to  much  lower  values 
before  superconductivity  is  reached.  Ihese  results  and  those  from  the 
structural  and  the  chemiced  analysis  presented  in  Table  I  seem  to  Jxistliy 
the  assusption  made  above,  namely  that  the  electron  beam  melted  samples  of 
M023,  in  spite  of  their  low  Tc  values,  are  more  representative  than  the 
other  sacples  for  the  "ideal"  properties  of  M02B. 

VI.  OTHER  DEmnOHS  FROM  TEE  MAITTEIAS  BOLE 

The  Matthias  Rule  predicts  only  mild  variations  of  the  Tc  values  upon 
the  Introduction  of  a  few  percent  of  ispuzltles  into  the  metal.  That  this 
is  so  even  for  the  transition  metals  can  he  understood  in  terms  of  the 


IS 


stiructure  of  the  e-hands  aad  d-batids  discxissed  in  Section  17  and  sehsoBti- 
cally  presented  In  Figure  Although  accordiztg  to  this  pictiire^  a 
shift  in  the  Fenni  energy  nay  cause  dranatic  changes  of  the  electronic 
properties,  nany  additional  electrons  (a  fraction  of  one  electron  per  atom) 
are  necessary  to  change  the  filling  of  the  hands,  and  thus  the  Fermi  energy, 
significantly.  This  is  in  contrast  to  the  situation  in  semiconductors. 

These  also  depend  very  strongly  on  the  position  of  the  Femd.  energy  with 
respect  to  the  conduction  hand,  hut  a  large  shift  of  the  Fermi  energy  can 
he  acconplished  with  a  few  additional  electrons  ("doping"  with  foreign  atoms 
more  electro-negative  than  the  host  atoms ).21 

Changes  in  Tc  much  larger  than  ejected  from  the  calculated  change  of 
n  in  the  general  enpirical  T(n)  function  of  Section  H  are  therefore  con¬ 
sidered  exceptions  to  the  Matthias  Rule.  Such  an  exception  was  recently 
observed  by  Giorgi  et  al.31  in  TaC  and  HbC.  Although  these  materials  have 
a  wide  homogeneity  range,  a  small  deficiency  of  carbon  in  these  hi^ 
teiii)erature  si^erconductors  causes  a  sharp  drop  in  Tq,  much  sharper  than 
expected  from  the  Matthias  Rule.  Boron  deficiency  in  the  hl^  tes^rature 
superconductor  RhB  may  have  a  similar  effect,  as  discussed  in  the  previous 
section.  The  veiy  large  decrease  in  Tc  resulting  from  the  "outgassing"  of 
M02B,  and  the  reversed  effect,  also  discussed  in  the  previous  section,  fall 
into  the  same  category.  The  observed  loss  of  nitrogen  during  the  out- 
gassing  is  very  small  (s  0.02^  of  the  sas^le  as  indicated  in  Table  I),  but 
it  may  possibly  induce  a  considerable  change  in  the  concentration  of  boron 
vacancies  or  the  lihe.  An  analogue  to  the  outgassing  effect  in  M02B  was 
reported  by  Fickle  slmer  and  Sekula32  for  technetium.  These  authors  areduced 
the  3^  value  of  technetium  from  11.2*E  to  8.22*K  through  parlfication, 
essezxtlally  the  resaoval  of  small  amounts  of  ozygm. 
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Bftftd  et  al.33  recently  discussed  systems  in  vhich  the  influence  of  the 
STers^  number  of  electrons  per  atom,  n,  is  smaller  than  expected  from  the 
Matthias  Rule  and  also  small  in  conparison  to  the  influence  of  structural 
order.  One  system  studied  vas  of  the  hind  Hb^Sn  (n  >  ^*75),  vlth  con¬ 
siderable  Nb  suzplus,  vith  the  hi^st  surplus  represented  by  BbJ|Rn 
(n  >  h,6).  In  spite  of  the  large  Bb  surplus,  the  ^-W  structure  (see 
Section  m)  was  presemred  in  the  material  either  by  replacing  3n  vlth  Bb 
atoms  or  possibly  by  creating  an  appropriate  number  of  Sn  vacancies.  !I!he 
Te  value  Increased  only  slickly  by  going  from  Bb3Sn  to  Bbl|.Sn.  A  1argf»ly 
decreased  Tc  value  is  observed,  however,  in  sasples  with  atomle  disorder, 
that  is,  vith  Sn  atoms  on  Bb  sites.  Reed  et  al.33  point  out  that  the  Bb 
atoms  form  perpendicular  chains  in  the  S-W  structure.  She  Bb-Bb  dlstaxxce 
in  the  chains  is  10^  shorter  than  in  elemental  Bb.  The  authors  speculate 
that  the  Bb  chains  are  responsible  for  the  high  teaperature  superconductivity 
of  Bb33n,  maWng  Tc  very  sensitive  against  "disruption"  of  Bb 
disorder.  An  enhancement  of  superconductivity  by  structural  disorder  vas 
fouzid  by  Matthias^  in  siperccnductors  such  as  PdTe  vhich  crystallize  in  the 
BIAS  structiires. 

Bhen  small  concentrations  of  atoms  of  a  ferromagnetic  element  are 
introduced  into  a  superconducting  material,  the  result  is  usually  a  re¬ 
duction  of  the  Tc  value  sharper  than  that  predicted  by  the  Mat-^as  Bole. 

A  good  ezaaple  is  Fe  in  Mo. 3^  Introduction  of  about  0.02^  Fa  into  pure 
Mo  depresses  the  transition  temperature  from  1*E  to  0.1*B.  There  are 
numerous  cases,  however,  where  the  introduction  of  ferromagnetic  lapurlties 
causes  an  une:^ctedly  large  enhancement  of  superconductivity.  These  cases 
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vere  surveyed  liy  Matthias  In  1960.3?  Ho  clarification  of  the  effects 
caiLsed  by  snail  anounts  of  ferronagnetic  elements  in  superconducting 
materials  can  be  es^cted  before  a  satisfactory  theory  for  the  s-d  inter¬ 
actions  becomes  available. 

TII.  SOMMAET 

The  Matthias  Sule  still  serves  as  an  excellent  tool  to  predict  the 
occurrence  of  superconductors  and  to  predict  their  transition  tes^wratures, 
although  significant  deviations  frcm  the  rule  have  been  discovered  since 
its  inception  in  1957  •  lo  the  present  vorh^  the  Matthiais  Rule  is  fonsulated 
in  the  convenient  form  of  a  set  of  five  eiqpirical  laws.  Three  nev  enpirical 
laws  pertaining  to  the  occurrence  of  high  tenperatxue  superconductivity 
among  alloys  and  cangpounds  have  been  added  (Section  ZH;  for  a  survey  of  all 
the  discussed  rules,  see  also  Table  II}.  Ho  serious  discrepancies  between 
the  formulated  enpirical  lavs  and  the  most  recent  theory  have  been  found 
except  for  some  of  the  transition  setals  with  more  than  ele^  valence 
electrons,  for  which  the  theory  wrongly  predicts  high  tesperature  super¬ 
conductivity  (Section  IV).  A  notable  exception  from  the  Matthias  Buie  is 
given  by  the  family  of  superconducting  transition  metal  borides.  The 
peculiar  arrangement  of  the  boron  and  of  the  transition  metal  atoms  in 
endless  chains  or  endless  prisms  was  determined  as  the  cause  of  this 
exception  and  the  Matthias  Buie  was  accordingly  modified  for  the  transition 
metal  borides  (Section  7).  Other  compound  systems  containing  transition 
metal  atoms  in  the  form  of  chains  show  related  devlaticais  from  the  Matthias 
Buie,  mart  difficult  to  understand  are  systems  in  which  une:q?eetedly  large 
changes  of  the  superconducting  properties  are  caused  by  small  concentrations 
of  structural  vacancies,  or  of  lapuxity  atcam  such  as  nitrogen  or  oxygen,  or 
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^  iavoritjr  atom  froa  farroaNPaatle  alaaBMBts  waeih  m  Izw  (Sactlon  fl)» 

•036  exceptions  to  tbs  Matthiss  Bala  paresMt  a  seriooa  ehallanga  to  solid- 
state  plqrsica.  A  acore  adequate  aodal  of  ttaa  s-d  Interaetioas  M  expected 
fron  the  theory,  cofverlng  aacaetic  effeeta  as  sell  as  snpareondueti'vity. 

More  extexxslve  studies  of  the  systeas  vlth  knoen  dsrlations  froa  the  Mstthlaji 
Bole  aod  a  rlgoroas  search  for  nev  qrateaw  of  this  kind  are  also  needed. 
Bsperlnental  work  of  this  kind  should  yield  aore  caeprehensl-te  and  aore 
accurate  espixlcal  rules  for  the  oeeurrenee  of  si^ercoaduetars,  aaong  the 
alloys  and  conpounds.  This,  together  vlth  a  clearer  theoretical  Insidfat 
into  the  -various  and  canflleting  Influences  on  the  transition  teniperatares 
vithln  a  gl-ven  faaily  of  aaterlals,  vould  eventually  produce  highly  reliable 
guidelines  for  the  developBent  of  nev  superconducting  aaterlals. 
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Figure  4 

Theoretical  level  density, 
dn(e)/de.  as  fvtnction  of  energy, 
e,  for  the  5^  transition  eleiaents 
Sifter  Manning  and  Chodorov.^O 
energy  is  expressed  in  I^dherg 
units.  Curves  I  throu^  V  refer 
to  d-tands,  VI  to  s-hand.  Dashed 
lines  indicate  position  of  Fens! 
energies  for  Ta  (n  »  5)  and 
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Variation  of  the  "reaietaace  ratio, "  p/p^oOf  with  tes^pcratore  for  typical 
superconducting  horidee.  OJhe  resistivity  is  given  hy  p,  the  room  teBDera< 
ture  (T  -  300*K)  resistivity  hy  P300.  ^«iwra 
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Surrey  of  the  discussed  xniles  for  the  occurrence  of  superconductivity 
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